The Standardized Precipitation Index (SPI), a method widely used to analyze droughts related to climate change, does not consider variables related to temperature and is limited because it cannot consider changes in hydrological balance, such as evapotranspiration from climate change. If we were to consider only the future increase in precipitation from climate change, droughts may decrease. However, because usable water can diminish from an increase in evapotranspiration, it is important to research on projected droughts considering the amount of evapotranspiration along with projecting and evaluating potential droughts considering the impact of climate change. As such, this study evaluated the occurrence of droughts using the Standardized Precipitation Evapotranspiration Index (SPEI) as a newly conceptualized drought index that is similar to SPI but includes the temperature variability. We extracted simulated future precipitation and temperature data (2011 -2099) from the Representative Concentration Pathway (RCP) climate change scenario of IPCC AR5 to evaluate the impact of future climate change on the occurrence of droughts of South Korea. We analyzed the ratio of evapotranspiration to precipitation of meteorological observatories nationwide. In addition, we calculated the SPEI related to drought in the process to evaluate the future occurrence of droughts of South Korea. To confirm validity of SPEI results, extreme indices were analyzed. This resulted in the notion that as we go further into the future, the precipitation increases. But because of an increase in evapotranspiration also from a rise in temperature and continued dryness, the severity of droughts is projected to exacerbate.
INTRODUCTION
Droughts cause very severe damages. However, unlike floods, it is not so easy to establish and take proper measures for a drought because its beginning and end cannot be exactly predicted and it has a wide impact on various parts of society as it progresses. According to the climate change projection, the precipitation is expected to increase in the East Asian region including South Korea and the dry seasons between the severe rainy seasons are also expected to get longer due to an increase in precipitation intensity and reduction in annual precipitation days. It is also projected that the evapotranspiration will increase according to increase in moisture demand in the air due to a rise in temperature. If we see only the precipitation increase, the number of drought occurrences may decrease. However, as there is a possibility of decrease in usable water due to the increase in evapotranspiration, the drought projection research focusing on both precipitation and evapotranspiration changes, which are caused by climate change, is inevitable.
The 4 th IPCC (Intergovernmental Panel on Climate Change) report (2007) projected that the precipitation will increase in the regions located at 70°, or higher, north latitude and in polar region as well, whereas the subtropical region between 30° north and south latitudes from the equator will be expanded and the precipitation will further decrease. The report also predicted that at least 1.7 billion of the world's population will suffer from water shortage in 2020s (average temperature of the earth will increase by 1°C). According to "Climate Change Scenario 2011" of National Institute of Meteorological Research, the precipitation is expected to increase in the East Asian region including Korea, but at the same time, the dry seasons between the severe rainy seasons are also expected to get longer due to increase of precipitation intensity and reduction of annual precipitation days. It is also projected that the evapotranspiration will increase according to increase of moisture demand in the air due to a rise in temperature (NIMR 2011) .
To analyze and manage the droughts, there have been many researches to quantify the drought severity by developing various drought indices which can analyze the drought severity and drought period using each different variable in each different area of interest (Du Pisani et al. 1998; Heim 2002; Keyantash and Dracup 2002) . The representative drought indices include Palmer Drought Severity Index (PDSI; Palmer 1965), Soil Moisture Index (SMI), Standardized Precipitation Index (SPI; McKee et al. 1993) , and Surface Water Supply Index (SWSI; Shafer and Dezman 1982) , and as they have their own pros and cons, they are differently or comprehensively used after taking into account the hydrological and meteorological characteristics and water resource supply facilities in the region. We cannot say that a certain index is absolutely better than other indices. For instance, PDSI is widely used by the United States Department of Agriculture (USDA) to determine the urgent drought support but the PDSI has shown some weakness for mountainous terrain and areas of frequent climatic extremes (http://enso.unl.edu/ ndmc/enigma/indices.htm). As the western part of the U.S., which is the mountainous region, is likely to be influenced by regional weather, it is better to use the PDSI in mutually complementary relationship with the other indices such as SWSI that considered other conditions. The SPI can cover various periods on the basis of the precipitation probability in specific drought duration and it can project the drought in an early stage. People can easily understand the drought severity using this SPI, which is known to be less complicated than Palmer Index (NDMC: http://enso.unl.edu/ndmc).
The drought should be studied in comparison with average conditions, in other words, the normal conditions of water budget between the precipitation and evapotranspiration for a longer period of time to some extent in a specific area. However, in the process of SPI calculation, the variables associated with the temperature, which is not a precipitation variable, are not considered, and there is a growing concern about this (Mavromatis 2007; Kempes et al. 2008) . For this reason, the Standardized Precipitation Evapotranspiration Index (SPEI), a newly conceptualized drought index that is similar to SPI but includes temperature variability, was recently developed.
As such, this study estimated the future drought using SPEI (Vicente-Serrano et al. 2010) . First, in order to assess the impact of future climate change on drought occurrence in South Korea, this study analyzed the ratio of evapotranspiration to precipitation using future precipitation and temperature data (2011 -2099) simulated from Representative Concentration Pathways (RCPs) climate change scenario of IPCC AR5, and then projected the drought change. The second section of this paper deals with the necessity and theoretical background of the study and the third section proposes the limits of present drought indices and new methodologies. In the fourth section, SPEI application results are described and in the fifth section, the last chapter, the study results were summarized and discussed.
THEORETICAL BACKGROUND

Limits of Present Drought Indices
Traditionally, various drought indices were used for drought monitoring, and the representative ones include PDSI developed in the United States in the 1960s and SPI developed in the 1990s. SPI has an advantage of being able to use only the precipitation as input data, and it is widely used throughout the world after overcoming the defect of PDSI, which has difficulty in comparing other temporal and spatial indices, by providing standardized values of the relevant region through normalization. According to most climate change scenarios, the amount of future precipitation increases over South Korea ). If we see only this result, the number of droughts can decrease but, still, there is a possibility of usable water decrease due to evapotranspiration increase by a rise in temperature over South Korea. Accordingly, if we are to assess and project the droughts, taking the impact of climate change into account, we must consider evapotranspiration.
PDSI considers the impact of evapotranspiration, including the temperature variable, to some extent, but the main shortcoming of the PDSI relates to its fixed temporal scale (between 9 -12 months), and an autoregressive characteristic whereby index values are affected by the conditions up to four years in the past (Guttman 1998) . Its greatest limit is that it requires the values of various variables such as 'available water capacity' of the soil and the calibration of the parameters is not available (Alley 1984) . In order to overcome these defects, SPI, which uses only the precipitation as input data and makes the temporal and spatial comparison possible through the process of normalization, was developed (McKee et al. 1993) . It is also being used all over the world. However, as SPI uses only the precipitation, it has a critical defect of being unable to consider the impact of evapotranspiration. As mentioned above, in the drought evaluation that considers climate change, the drought must be projected using the drought index that considers both the precipitation and evapotranspiration at the same time. To use SPI in drought change projection, we need two hypotheses. First, the precipitation variability in drought is larger than temperature and potential evapotranspiration (PET) variability. Second, temperature and potential evapotranspiration are stationary. However, many of the recent preceding researches raise the problems of the hypothesis that does not consider temperature-related variables (Abramopoulos et al. 1988; Hu and Willson 2000; Mavromatis 2007; Kempes et al. 2008) . The preceding researches already made it clear that the rise in temperature is influencing the drought severity, and the outcome of future climate change models projects greater rise of temperature in the 21 st century (IPCC 2007) . In these situations, Abramopoulos et al. (1988) suggested that about 80% of the precipitation will be lost by evapotranspiration and confirmed that the dryness by the rise in temperature is as important as the dryness by transpiration shortage. As mentioned above, many researches that project the rise in temperature give warning of the occurrence of severe droughts caused by evapotranspiration increase as much as the precipitation shortage (Sheffield and Wood 2008; Dubrovsky et al. 2009 ). Dubrovsky et al. (2009) also mentioned the impact of global warming simulated through a global model on the drought frequency and scale, suggesting that SPI has its own limits. For this reason, some researches recommend the use of PDSI that can consider temperature variable among various drought variables (Mavromatis 2007; Kempes et al. 2008) . As previously mentioned, PDSI also has its own limits if it is to be used in connection with future climate changes, and the PDSI lacks the multi-scalar character essential for both assessing drought in relation to different hydrological systems, and differentiating among different drought types (http://sac.csic.es/spei/home.html).
SPEI used in this study, a drought index freshly suggested by climate change and drought fields recently, mutually complements the defects of SPI and PDSI. In other words, it can consider the variability of evapotranspiration caused by the changes in precipitation and temperature and it has the advantage of being able to classify the drought events according to time unit of precipitation shortage duration.
Standardized Precipitation Evapotranspiration Index (SPEI)
SPEI is calculated mostly in monthly unit and it shows the difference between precipitation and potential evapotranspiration. For calculation of potential evapotranspiration, the Thornthwaite model [Thornthwaite 1948; Thornthwaite and Mather 1955; Eq. (1)] is commonly used because the calculation is simple and most of all, monthly average temperature data can be easily obtained.
Here, T is monthly average temperature in °C unit, and I is the yearly heat index obtained by adding up all monthly heat indices. Monthly heat index is obtained from Eq. (2) below.
Yearly heat index is obtained from the relationship between I and m variables, as shown in Eq. (3) 
K in Eq. (1) is the function of latitude and month, as shown in Eq. (4) below.
Here, NDM is the number of days in each month, and N is the maximum value of daylight hours as shown in Eq. (5) below.
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Here, s s is sunrise time, which is obtained from Eq. (6) below.
Here, z is latitude and d is solar declination, which can be obtained from Eq. (7) below.
Here, J is the number of monthly average Julian days. SPEI is the difference between precipitation in a month i and PET obtained above, as shown in Eq. (8) below (http:// sac.csic.es/spei/).
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The calculated D i values are aggregated at different time scales, following the same procedure as for the SPI.
RESULTS
Review of SPEI Performance
As SPEI, which will be applied to future climate change scenario, was not used in as frequently in Korea, we need to compare it with present drought indices before full-scale application. Therefore, this study first compared the past drought simulation levels of SPEI and SPI. Using the monthly data from 60 observatories (Fig. 1 ) among all KMA observatories for a total of 39 years from 1973 -2011, this study calculated the SPI and SPEI of drought events with six month duration in each observation point. Table 1 below shows the historical drought rankings based on SPI and SPEI calculation results extracted from present reports for the past 13 drought events (1976, 1977, 1978, 1981, 1982, 1988, 1994, 1995, 1997, 2000, 2001, 2002, 2008 -2009 (Fig. 2) . In Fig. 2 , TMP means average temperature, TMX means maximum temperature, TMN means minimum temperature, and PRCP means precipitation. As the temperature was continuously dropping until just before the 1988 drought, the continuous precipitation decrease from 1987, not the evapotranspiration increase, is considered as the major cause of 1988 drought (Fig. 2a) . The winter precipitation just before the drought from March to June of 2001 was rather more than normal years. But the average temperature of MAM in the early stage of drought was higher than normal years by Fig. 1 . Sixty observed stations used in this study and Altitude Distribution of South Korea (Kim et al. 2013 ). 0.8°C, which makes us guess that the temperature increase, rather than precipitation decrease, had effect on drought occurrence, after which the precipitation shortage in MAM further aggravated the drought . From this, we could get a comparatively clearer understanding of the various fundamental problems that gave us difficulty in defining the drought. Through the comparison of drought indices for the past drought events, it was identified that the SPEI used in this study simulates the drought as nicely as SPI, and at the same time, it can detect the drought occurrence by temperature increase.
Drought
Future Drought Project
The future drought project data used in this study is the climate change scenario data over Korean Peninsula produced by KMA (Korea Meteorological Administration) after introducing regional climate model (HadGEM3-RA, Walters et al. 2011 ) of the U. K. Meteorological Agency, and the region covers some parts of China and Japan, with Korea at the center. The horizontal resolution of HadGEM3-RA is composed of 200 × 180 grids of 12.5 km distance in east-west direction and south-north direction, respectively, and the vertical resolution is composed of 38 layers from the ground to 40 km altitude. For lateral boundary buffering grids where large-scale boundary conditions is provided, eight grid points at the most outer side of the model were used. For lateral boundary conditions, entire earth climate change project data in 6-hour interval was used. The entire earth climate change project data was also calculated using atmosphere-ocean-ice melting combined model (HadGEM2-AO, Collin et al. 2008) introduced by KMA from U. K. Meteorological Agency, and the horizontal grid distance was about 135 km (east-west direction 1.875°, south-north direction 1.25°). HadGEM3-RA is composed of past climate simulation (1950 -2005) and future climate project data (2011 -2099) based on RCP scenario . East Asian region, where Korea is located, has very complex geographical characteristics with great climate variability. So, in order to project the extreme climate events, detailed regional climate change scenario data with the horizontal resolution of more than several or tens of km is required (Boo et al. 2004 (Boo et al. , 2006 Im and Kwon 2007, Koo et al. 2009 ). Accordingly, for future extreme precipitation project for Korea, this study used the regional climate change scenario data of RCP8.5 produced in 12.5 km resolution HadGEM3-RA through bilinear interpolation to KMA observation points. Observation data analysis was conducted in a total of 60 points, where the current climate (1980 -2005) and future climate (2011 -2099) data were used.
To project the future climate compared to the current climate, this study used RCP8.5 project data which divided the future into three periods (future1: 2011 -2040, future2: 2041 -2070, future3: 2071 -2099). RCP8.5 is a scenario assuming that no greenhouse gas mitigation policy is implemented, and it is an emission scenario corresponding to A2-A1F1 of SRES.
Projection of Precipitation and Evapotranspiration in South Korean Region
Figures 3 and 4 show the monthly variability of average precipitation and evapotranspiration in the South Korean region in its future climate compared to its current climate. According to the figures, the farther we go into the future, the more the amount of precipitation and evapotranspiration increase. Though there are slight differences due to uncertainty of precipitation simulation itself, the precipitation was projected to generally increase as we go deep into the future further and further. However, more precipitation was projected in June, August, and September of the mid-21 st century than the end of the 21 st century, because the rate of temperature increase of regional climate model decreases after the 2040s compared to entire earth climate model, which becomes more evident in RCP8.5 scenario than in RCP4.5 scenario. In particular, the average temperature in February and December at the end of the 21 st century was above freezing point, which produces or increases the evapotranspiration even in February and December. Figure 5 shows the yearly variability of future climate change data. As we go into the future further and further, both the precipitation and evapotranspiration tend to increase, which means non-stationary. The evidence of non-stationary is revealed more clearly in temperature because the climate model has high degree of accuracy and skillfulness in temperature simulation. The rates of increase in precipitation and evapotranspiration showed similar values but the ratio of evapotranspiration to precipitation got higher and higher as we go deeper in the future. The ratio was higher than 70% at the end of the 21 st century. The evapotranspiration increase in this period indicates the increase of possibility of drought occurrence. Accordingly, the latter part of this study also projected the future droughts in the South Korean region.
Projection of Extreme Droughts in South Korean
Under Climate Change Figure 6 shows the SPEI in current based on 6-month duration. According to the figure, the severe droughts are occurring on an approximate 4-year frequency in current climate. According to SPEI in future climate (Fig. 7) , it was projected that the further we go into the future, the more frequently the droughts with great intensity will occur. In particular, it was projected that the risks of droughts with great intensity will increase more at the end of the 21 st century than in mid-21 st century because the amount of evapotranspiration increases at the end of the 21 st century. To quantitatively examine the frequency change, the spatial distribution of the frequency less than '-1' was Fig. 3 . Monthly changes of Precipitation (Kim et al. 2013) . obtained for each season, except summer, from the present to future (Fig. 8) . The reason for selecting '-1' is that the full-scale droughts occur when the SPEI value reaches '-1' or less after starting from '0'. Non-stationary, which makes the future drought frequency generally higher than current frequency, was also identified. In current climate, the metropolitan regions, including Seoul, Jeonllanam-do, and Gyeongsangnam-do regions showed higher frequency, but at the end of the 21 st century, almost all regions except Jeonllanam-do region are exposed to drought risks. Especially, the inland region of Gyeongsangbuk-do showed comparatively higher frequency than other regions.
To quantitatively examine the drought magnitude, spatial distribution of SPEI in the spring, fall, and winter was derived (Figs. 9 -11 ). Figures 9 -11 show that the droughts get generally more severe as we go further into the future, and especially, that the drought size at the end of the 21 st century was significant, because the winter temperature from December to February at the end of the 21 st century is above freezing point, producing winter evapotranspiration. The fall and winter at the beginning of the 21 st century showed higher drought severity than in the mid-21 st century, because the anomaly of the temperature in the beginning and middle part of the 21 st century is similar but the precipitation is higher in mid-21 st century than the beginning of the 21 st century, as shown in Figs. 12 -13. It was projected that the droughts with greater severity will occur in metropolitan and central inland regions during the spring season in the beginning of the 21 st century, and in the central and Jeonllanam-do regions during the winter season. During the springs in mid-21 st century, the droughts in metropolitan region, some parts of Gangwon-do region, and Jeonllanam-do region, were of higher severity than other regions, and during the fall and winter seasons at the end of the 21 st century, generally all the regions were exposed to drought risks but the drought size was comparatively smaller in Jeonllanamdo region compared to other regions.
Projection of Extreme Indices Related to Droughts
This section aimed at extreme indices change related to drought in South Korea by using regional climate change scenarios and STARDEX extreme indices. Two extreme indices (longest dry period and frost day) were calculated. The longest dry period is the maximum number of consecutive dry days, and the frost day is number of frost days (TMN < 0°C). Spatial distribution of extreme indices of the end of 21 st century (2070 -2099) compared to the present (1981 -2005) was analyzed by using precipitation and temperature data simulated by HadGEM3-RA.
Results showed that the longest dry period (DJF, MAM) was longest in Gyeongsangnam-do and Gyeongsangbuk-do. The frost day (DJF) was high nationwide except for southern coast area. Comparison of the observed data and current data of the RCP climate projection showed that projection data relatively well accord with the observed data (Figs. 14 -15) .
Future extreme indices were calculated by dividing future into the three following periods based on the RCP8.5 Scenario (future1: 2011 Scenario (future1: -2040 Scenario (future1: , future2: 2041 Scenario (future1: -2070 Scenario (future1: , future3: 2071 Scenario (future1: -2099 , and trend was compared and analyzed using regional averaged extreme indices. The longest dry period significantly increased in future2, 3 compared to future1. The number of frost days decreased over whole period. Figure 16 shows that South Korea's number of dry days will increase and temperature will rise in future compared to the current due to climate change.
Change in linear slope of extreme indices on time of South Korea was investigated. If a slope value is more than 0, the extreme indices increase by time, whereas if a slope value is less than 0, the extreme indices decrease by time. Figure 17 represents increased and decreased distributions of extreme indices trend. Trend of the longest dry period greatly increased in the metropolitan area and central inland regions, whereas it decreased in Gangwon-do and the western coast area. For the frost day, its trend was expected to decrease nationwide (Fig. 17) .
DISCUSSION AND CONCLUSION
Drought is a concept of considerably 'lower-than-normal (mean)' level of water availability that continues for a long time, which is difficult to express only in terms of precipitation. In other words, the drought should be considered in comparison with normal, the average condition of water budget between the precipitation and evapotranspiration during a longer period of time to some extent in a specific region . SPI is based on the assumption that the temperature and evapotranspiration do not change with time. However, the frequency and increase in tendency are being identified from the biannual change in the amount of potential evapotranspiration (Fig. 18 ) and the ratio of PET to the precipitation accounts for maximum 90% (Fig. 19) . Especially, this ratio is equivalent to the ratio at the time of drought occurrence. Accordingly, the loss of water due to evaporation or evapotranspiration should be considered in drought assessment.
In addition, not only the observation data but also various outcomes of climate change models project greater rise in temperature in the coming 21 st century (Fig. 20) and the considerable part of the precipitation will be connected to the loss by evapotranspiration, which makes it necessary to consider the evapotranspiration in projecting the droughts using the climate change scenario data. Accordingly, this study tried to verify whether SPEI, which can consider the evapotranspiration variability from the temperature variability, can well describe the drought like SPI, and to project the future drought over South Korean. As there are not many cases where SPEI was applied to future climate change scenario in Korea, this study first compared the SPEI with existing drought indices prior to fullscale application. According to drought record survey report (Ministry of Construction and Transportation 2001), Korea experienced severe droughts in every 5 -8 years for the recent 40 years, with slight and severe droughts occurring in the whole nation or in local regions in every 1 -2 years after the 1990s. As the result of drought frequency analysis in each basin using SPI, Lee et al. (2012) also identified that the droughts with 1 -2 year or around 6-year frequency is statistically significant, and this result matched up well with the result of this study (Fig. 21) .
Korea Environment Institute (2011) surveyed the causes, levels, and areas of the droughts that occurred after the 1970s. When the survey result was compared with SPEI result of this study, it was identified that SPEI well simulates the past drought levels and occurrence areas in the perspective of spatial distribution.
For drought projections under future climate change, many researches that combined the climate model with drought index were conducted (Ghosh and Mujumdar 2007; Loukas et al. 2008 ). Ghosh and Mujumdar (2007) evaluated the droughts in each 10-year interval and projected that the frequency of severe drought will increase, and Loukas et al. (2008) projected that the drought severity will increase at the end of the 21 st century rather than in mid-21 st century. In domestic cases, Kim et al. (2011) projected the decrease of drought occurrence frequency due to precipitation increase at the beginning of the 21 st century, and the increase of drought occurrence frequency in inland areas and on the contrary, the decrease of drought occurrence frequency in coastal areas at the mid and end of the 21 st century. Also in this study, the number of occurrence frequency of SPEI less than '-1' increases as we go further into the future (Fig. 22) , which indicates that our research results match up with previous research results comparatively well. In the aspect of drought size, SPEI and SPI showed equivalent values in the year with great possibility of drought occurrence (Figs. 22 -23) . However, as we go further into the future, SPEI showed more severity due to the impact of temperature increase. To confirm the validity of results, extreme indices were analyzed. From extreme indices related to drought it was found an increasing trend of the longest dry period and a decreasing trend the frost day, which is caused by rise in temperature of winter season. Thus, the hazard of drought due to increase in evapotranspiration in winter and spring seasons will increase.
This study can find its significance firstly in that new greenhouse gas scenario RCP climate change scenario was used in this study to contribute to the publication of IPCC 5 th climate change assessment report, and secondly, the drought index, which properly considered the supply (precipitation) and demand (evapotranspiration) in water budget, was used in this study. Conclusively, this study identified that the regional climate model efficiently simulates the increase of severe droughts caused by future climate changes according to RCP, a new emission scenario.
